Dry gases inhaled during anesthesia contribute to intraoperative hypothermia because warming inspired gas and evaporation of water from respiratory surfaces requires body heat. The magnitude of these heat losses during general anesthesia has not been measured directly, and the contribution of these losses to perioperative hypothermia is therefore uncertain.
Dry gases inhaled during anesthesia contribute to intraoperative hypothermia because warming inspired gas and evaporation of water from respiratory surfaces requires body heat. The magnitude of these heat losses during general anesthesia has not been measured directly, and the contribution of these losses to perioperative hypothermia is therefore uncertain.
In the last decade, the use of airway heat and moisture exchanging filters has become popular because such filters reduce heat loss (1) and prevent tracheal damage from dry gases. Filters of various designs are available, including spirally wound corrugated paper, pleated sheets, and fiber batting. Filter efficiency, defined as percent reduction in water loss per unit time compared to control, has been measured in mechanical models of ventilation (24), but only once (in a limited way) in anesthetized, intubated patients (5) . Most mechanical studies measured only relative humidity in expired gases. They could not quantify total evaporative water loss accurately because small changes in temperature or gas flow cause relatively large errors in calculating water losses based on relative humidity. Other methodologic problems included probable lack of water saturation of "expired" gases from the model lung (3,4,6), failure to control the dryness of inspiratory gases (2, 7) , and use of slowly responding methods of relative humidity measurement (7) . There is also no information on the time required for these filters to reach peak efficiency. We therefore studied the efficiency of five commercially available airway heat and moisture exchangers to determine (a) absolute respiratory water loss; (b) the efficiency of these filters over time; (c) the time required to reach peak efficiency; and (d) their water-conserving efficiency during changes in airway temperature. From these results we have estimated the filters' contribution to preserving metabolic heat (and preventing hypothermia) during anesthesia and surgery.
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were placed between the Y-piece of the circle system and the endotracheal tube. Inspired gases were dried by passing them through a canister of calcium sulfate (CaSO,) water absorbant located between the CO, absorber and the Y-connector. Respiratory water loss was measured by weighing a CaSO, canister placed in the expiratory limb of the anesthesia circle system near the Y-connector. Percent efficiency of the filters was defined as the percent reduction in water loss per unit time compared with baseline losses. The efficiency of the CaSO, method of water absorption was verified by weighing a second canister of absorbant placed just distal to the first. Airway temperature was measured by a thermocouple placed just to the patient side of the heat and moisture exchanging filter. Distal esophageal and inspired gas temperatures near the Y-piece of the circle system were also measured. Preliminary measurements of evaporative water loss and airway temperatures in 24 patients established the time required for each filter to reach peak efficiency and the optimum sampling intervals for measuring respiratory water losses. From the results of these studies, we developed the following protocol: in each of five patients we studied all five filters in random order under conditions of constant fresh gas flow, with tidal ventilation set at 10 mL/kg and ventilatory frequency adjusted to set end-tidal Pco, (measured by mass spectrometry) between 35 and 45 mm Hg. Once set, ventilation and fresh gas flows were not changed for the duration of the study. Water losses and airway temperatures were determined during a baseline period with no heat and moisture exchanging filter in the system. The filters were then placed in the system and studied for 40 min each. Water losses were measured over 10-min intervals, and airway and deep esophageal temperatures were recorded during the last 2 min of each 10-min period. The filter was then removed from the system, and water loss during a final control period was determined. These latter data were collected to determine whether, as in preliminary stud- ies, evaporative water loss declined if body temperature decreased.
Data Analysis
The hypothesis that the heat and moisture exchanging filters altered respiratory water loss was tested with repeated measures analysis of variance. Student-Newman-Keuls tests were used to evaluate mean water loss rates achieved by the five different filters. The Mann-Whitney rank sum test was used to determine if the rank order of filter water-conserving efficiency was significantly related to the rank order of heat and moisture exchanger airway temperature increase. We considered changes significant when P < 0.05.
Results
Water loss during the initial control period was 9.3 *
g/h (mean t SD).
Each filter reached peak efficiency in reducing water loss during the first 10-min measurement interval (Figure 1) . The Humid-Vent Filter and Siemens Servo filter were the most efficient in reducing evaporative water loss; the ThermoVent 600 and Pall Conserve filters were the least efficient.
Airway temperature increased 2"-8"C during the 40-min trials (Figure 2 ). The greatest increase in temperature was seen with the Siemens and HumidVent Filter units; these filters were also the most effective in reducing respiratory water loss. The other filters also increased airway temperature in the same rank order as their water-conserving efficiency ( P < 0.01). Body temperature decreased slowly during all of the trials. Average initial esophageal temperature was 36.6 ? 0.4"C; by the end of the study (approximately 280 min) it had decreased to 35.6 2 1.1"C (not a significant difference). There was no significant relationship between total evaporative water loss and body temperature (least-squares Iinear regression, r = 0.3) over the small range of body temperatures tested. The rate of water loss during the initial baseline period was therefore used to calculate filter efficiency during all the test periods.
Discussion
Ventilation of the lungs with cool dry gases results in heat loss from both evaporation of water and heating of inspired gas. The heat of vaporization of water is 578 cal/g. The total heat lost due to evaporation of water from respiratory surfaces during the first control period was therefore 5375 cal/h or 6.25 W (1 W = 860 cal/h), which represents 8.4% of the average adult metabolic rate of 75 W while under general anesthesia (8) . However, this calculation does not take into account the warming of inspired gases. The heat capacity of dry 60% N2/40% O2 is approximately 6.34 cal/mole-"K (9). If minute ventilation is 5 L/min, then warming 23.6"C inspiratory gas (mean for all filters) to 37°C represents 1.14 W, indicating a total respiratory heat loss of 7.39 W or 9.9% of the average metabolic rate during anesthesia. Total heat savings from the use of heat and moisture exchanging filters may be estimated from our data in a similar way. Evaporative water loss is reduced by an average of 60%-90% with all filters tested. This represents a savings of 3.75-5.63 W. The caloric equivalent of heat saved due to warming of airway temperature from 22.6 to 29.4"C (mean d all the filters) is 0.41 W. An overall estimate of the heat savings from evaporation and inspired gas warming with the use of a heat and moisture exchanging filter is 4.166.04 W or 5.6%-8.1% of the average metaboIic rate during anesthesia. If no physiologic regulation of body temperature occurs, heat loss of this magnitude would decrease mean body temperature by only 0.0~0.08"C/h, assuming a total body heat capacity of 0.86 kcal/kg"C (10). Heat losses would have to equal about twice the basal metabolic rate for mean body temperature to fall l"C/h. These considerations suggest that heat losses from the respiratory system represent only a small fraction of total heat lost during anesthesia and surgery in adults. However, heat and moisture exchanging filters appear to reduce hypothermia in infants and children, probably because their weightspecific minute ventilation is considerably higher than in adults (11) .
In clinical practice, the performance of the filters studied may vary a small amount from that measured here because of two factors. First, incompletely dry inspired gases wiII tend to reduce actual heat losses. Second, fresh gas flows other than 5 Limin may change the temperature or humidity of inspired gas and thus the heat lost.
Each filter studied reached peak efficiency within 10 min. In preliminary studies, the Pall Conserve and ThermoVent 600 filters required 10-20 min to reach peak efficiency, and the Siemens Servo filter was operating at peak efficiency within 5 min of connection to the system.
Filter construction appeared to relate to filter efficiency. The least efficient of the filters studied was the ThermoVent 600. Its heat and moisture exchanging surface is a coil of corrugated paper material. This is the same basic design as the more efficient HumidVent 1, but the latter is made of heavier paper and the coils are more tightly wrapped. The Humid-Vent Filter combines a high surface area filter of this design with a bacterialhiral filter; this combination may be responsible for its greater efficiency. The Siemens filter is constructed of a synthetic batting material that may derive its efficiency from the very high surface area available for evaporation, condensation, and heat transfer.
We conclude that several commercially available heat and moisture exchangers reach peak efficiency rapidly, increase mean airway temperature 2"-8"C, and reduce respiratory heat losses the equivalent of 6.6%-8.1% of total metabolic heat production in adults.
